Monitoring the condition of critical structures is vital for not only assuring occupant safety and security during naturally occurring and malevolent events, but also to determine the fatigue rate under normal aging conditions and to allow for efficient upgrades. This project evaluated the feasibility of applying integrated, remotely monitored micro-sensor systems to assess the structural performance of critical infrastructure. These measurement systems will provide forensic data on structural integrity, health, response, and overall structural performance in load environments such as aging, earthquake, severe wind, and blast attacks.
INTRODUCTION
The health of critical infrastructure, as has been so recently and tragically demonstrated by the events at the World Trade Center in New York City, demonstrate the need for systems that can autonomously measure the health of that infrastructure. We have investigated the application of "self-powered" sensors to the problem of long-term detection of infrastructure health by studying the feasibility of using naturally occurring load-induced strains to excite a piezoelectric generator and power a microprocessor controlled sensor system. That microprocessor would command and control a system that would make a measurement and then save the data from that measurement to a non-volatile memory. Since the strains induced by the event would be transient, enough energy would be needed to activate the microprocessor, make the measurement, and store the data before the strain event concluded. The data could then be read from the commercial off the shelf RF tag via a reader. The clear objective of this project is to develop the ability to field a sensor that has neither wires protruding from a building member nor batteries and can be embedded into a building member at fabrication. We have studied a system similar to the block diagram shown in Figure 1 , which shows a system consisting of a power supply, microprocessor, sensor, and RF tag for reading out the data.
Mechanical Calculations
Development of a self-powered sensor system requires the construction of a high efficiency power supply circuit to store the charge produced by the piezoelectric element and drive the sensor system. Initially we have used a Piezo Systems, Inc. 1 2.5"x1.25"x0.020" (63 mm x 31.8 mm x 0.51 mm) parallel poled piezoelectric generator connected to a full wave bridge rectifier circuit. Figure 2 -is a schematic diagram of the basic system to test the feasibility of operating a micro-controller from a piezoelectric element. As illustrated, the charge generated during actuation of the piezoelectric element is passed into a full-wave bridge rectifier circuit constructed from 1N914 diodes. The 1N914 diode has a very low reverse leakage current on the order of 25 nA. Charge is then stored in the capacitance bank that is wired in a voltage doubling configuration. That voltage is limited by the 4.7 V zener diode placed across the power input to the PIC16C71 microcontroller. The PIC16C71 is programmed in the low-power (LP) mode with a 32 kHz crystal to set the processing frequency. The PIC16C71 is rated to operate at 2.5 V with approximately 15 $ : RI FXUUHQW LQ LWV ORZ SRZHU PRGH DQG ZLOO GUaw 1 $ LQ SURJUDPPHG VKXWGRZQ RU ³VOHHSḿ ode.
A simple circuit model of the piezoelectric generator is illustrated in Figure 3 and demonstrates the reverse leakage through the piezoelectric element. The leakage resistance of the diodes and the leakage resistance of the piezoelectric generator constitute the bulk of the losses in the power supply section of the circuit and ultimately determine the minimum frequency of the strain events required to maintain the voltage across the circuit at usable levels.
A simple experiment was conducted to determine the minimum strain required at 1 Hz to operate the microprocessor. The piezoelectric generator was positioned over two rolling rods as shown in Figure 4 and actuated manually over a maximum deflection of 0.76 mm at a constant rate of 1 Hz. It was found that the PIC16C71 oscillator became active and the firmware began sequencing after an average of 17.3 cycles (~17 sec). The average voltage required to activate the PIC16C71 was 1.518 V implying that the average total charge on the capacitance bank is on the order of: 
Where Q tot is the total stored charge, C is the total capacitance of the circuit, V is the average voltage measured at the instant the microprocessor began operation, and N is the average number of pulses required to charge the circuit to operational levels. 
where is the thickness of the Ni plate in the piezoelectric bending generator (0.3 mm), b is the width of the bending generator (0.0318 m), Y is the average Young's modulus (5.5x10 10 N/m 2 ), d 31 is the piezoelectric transverse charge coefficient (-190x10 -12 m/V), L c is the spacing between the rolling rods (0.063 m), and T is the thickness of the bending generator (0.51 mm).
Calculation of the maximum short circuit charge yields a value of 6.1 x10 -6 C generated when the force is applied and 6.1x10 -6 C generated when the force is removed. Thus, the total charge stored by the capacitors is on the order of ~1.2x10 -5 C/pulse. This is consistent with the value of 20 & FDOFXODWHG IURP the voltage above. Thus, this measurement indicates that the model and the measured behavior are consistent to within a factor of two. This implies that a reasonable calculation of the required strain necessary to power the device can be determined using the measured voltages and the models.
Recognizing that the open circuit voltage can be written in terms of force as:
where g 31 is the piezoelectric transverse voltage coefficient (11.6x10 -3 Vm/N) and F is the applied force in Newtons allows calculation of the net force applied as a function of voltage and the required strain to operate the system. the order of 0.3 N. Thus, the maximum surface strain that is applied to the bending generator is on the order of 390x10 -6 as calculated from Eqn. 5.
Thus, an oscillating strain of 400 6WUDLQ DSSOLHG WR WKH EHQGLQJ JHQHUDWRU IRU D SHULRG RI sec will generate enough charge to power the microprocessor and do usable work.
Beam Experiment
The response of the generator was then compared to a calibrated strain gauge by placing the bending generator on a 10'x3"x2" steel beam as shown in Figure 6 . By exciting the beam with an impact along the x-axis as shown in the diagram and then comparing the output of the strain gauge to the output of the piezoelectric bending generator, we can determine the power that can be harvested from the beam. Note that the piezoelectric generator data is measured at point A in Figure 2 , and its amplitude reflects the loading that results from the full-wave rectifier circuit in parallel. The total energy that can be generated by the circuit neglecting the losses is given by the following 3 : To first order, each additional mechanical pulse should add a similar amount of energy to the system allowing for sustained operation of the microcontroller over many seconds in the case of repeated impulses. Thus, it is possible for the microcontroller to interrogate a sensor suite and then store the data with the energy harvested from the beam. However, if the repetition of the impulses to the structural element are not periodic but occur asynchronously such as in the case of a many axle truck crossing a bridge, a method must be found to save the data to non-volatile memory for later readout before the power stored is consumed. 
RF Tag Studies
Recently there has been a large effort in the development of non-contacting radio frequency (RF) tagging technology. These devices function when they are placed in proximity to a reading instrument. The reading instrument is placed a distance from the device and information is transferred from the RF tag to the reader by modulation of the input impedance of the tag. Thus, the back-scattered radiation from the tag is read and interpreted by the powered reading device eliminating the need for batteries or external power to operate the tag.
Work was conducted to determine if RF tagging technology could be implemented to store the data from the sensor to non-volatile memory. Typically, RF tags have flash memory which, along with the identification information, is read out by the system. We chose to test a MicroChip 4 MCRF355 device. This tag operates at 13.56 MHz and has 154 bits available for programming via a contact method. The concept is depicted in Figure 9 , which illustrates the technique of using the piezoelectric generator to power the microcontroller, sensor, and write the data to flash EPROM on the RF tag.
In Figure 9 , after the voltage is pumped to a level that is sufficient to power the microcontroller, the microcontroller uses its internal analog-to-digital converter (A/D) to make a measurement of the sensor. This data is then placed in the memory of the microcontroller and the data is written to the MCRF355 by opening and closing the ADG417 single-pull single-throw switches. The MCRF355 is wired through to the ADG417 5 devices such that when the power from the piezoelectric device is very low and the system is inactive, the MCRF355 is isolated from the rest of the circuit. This allows the RF tag to operate independently from the rest of the circuit yet be programmed by the rest of the circuit when required. Thus, a measurement can be made by the sensor and stored to the RF tag to be read by a mobile external readout device at a later time even when there is no strain activity in the building member.
One critical aspect of application of RF tags to this application is the ability to produce an RF resonant circuit on a circuit board. This was done by producing a printed circuit board with 3.5 loops of 10 mil traces separated by 10 mil spacings and formed into a 3" square pattern on FR-4 glass for a nominal Figure 10 where the top schematic is the switched capacitance approach and the bottom schematic is the switched inductance approach. When an electromagnetic signal at 13.56 MHz is near the inductor, the tank circuit tends to adsorb and store energy. This electrical energy is used to power the logic circuits in the MCRF355. The MCRF355 then in turn selectively switches the impedance of pin B in Figure 10 such that either C2 or L2 is shorted. This changes the impedance of the tank circuit and the back-scattered energy from the impedance mismatch. Thus, data can be transferred from the MCRF355 to the reader without external power to the MCRF355.
We tested both approaches in Figure 10 with our circuit board and the data is shown in Figure 11 . Figure  11 illustrates that the resonance frequency of the tank circuit shifts with the condition of pin B of the MCRF355 RF tag. Shifting between the center frequency and the shifted resonance changes the impedance of the tank circuit as viewed from the reader and represents a bit of data. Thus, 154 bits of sensor data can be measured and then read at a much later time, even while there is no strain energy to be harvested and the microcontroller is inactive.
Conclusion
We have shown that the application of piezoelectric elements to harvest strain from beam elements in critical structures is feasible and could be made practical. We have shown that microcontrollers can be operated by power produced from strain only and have demonstrated the conversion and storage of electrical energy produced from this strain. In addition, we have illustrated an approach to storing the data from the sensor to a non-volatile memory and how that data could be retrieved. Thus, the placement of active sensors that do not require external power or wires and are powered by harvesting the stress applied to a building structure is a viable approach to monitoring critical infrastructure. 
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